INTRODUCTION
Astrocytomas are the most prevalent form of brain tumor. Most patients present at diagnosis with advanced grade 4 (glioblastoma multiforme) tumors. Primary glioblastomas frequently show amplification of the receptor tyrosine kinase (RTK) EGFR and are distinguished from secondary glioblastomas, which arise through further transformation of low-grade tumors, and less frequently show EGFR amplification. Because abnormalities in EGFR signaling feature so prominently in glioblastoma, therapies that target EGFR signaling have been tested extensively in this disease.
EGFR signals through a complex network of intermediates including PI3K, Akt, mitogen-activated protein kinase (MAPK), and phospholipase C-g (PLC-g) (1) . The kinase mTOR is a critical target of EGFR signaling, linking growth factor abundance to cell growth and proliferation. Signaling pathways linking EGFR, PI3K, and Akt to downstream kinases including mTOR have received scrutiny in various cancers, in part because mutation of the gene encoding the tumor suppressor PTEN (a phosphatase downstream of EGFR) drives activation of PI3K and Akt in an EGFRindependent manner and may confer resistance to upstream inhibition of EGFR (2) . In particular, with EGFR implicated as a driving oncogene in malignant glioma, it was anticipated that inhibition of EGFR signaling would represent an effective therapeutic strategy. Initial results with EGFR inhibitors in glioblastoma have been disappointing, however, with most patients not responding. Only patients with amplified, mutationally activated EGFR and wild-type PTEN show short-lived responses to EGFR inhibitors (3) . However, these patients account for only a minority (∼10%) of glioblastoma patients. What about the large number of patients with EGFR-driven tumors that carry PTEN mutations who do not respond to EGFR inhibitor therapy?
To address the apparent inactivity of EGFR inhibitors against EGFRdriven, PTEN-mutant glioma, we have further analyzed signaling between EGFR, Akt, and mTOR in glioma-derived cell lines and in primary tumors from glioma patients. Here, we confirm that p-mTOR is a robust biomarker for the antiproliferative activity of EGFR inhibitors. In contrast, Akt activity correlated poorly with the antiproliferative effects of EGFR blockade. We show that (i) inhibition of EGFR signaling affects mTOR through a pathway that depends on protein kinase C (PKC) and is independent of Akt, (ii) PKC signals downstream of PTEN in glioma, and (iii) PKC inhibitors block proliferation in glioma irrespective of PTEN and EGFR status. These studies suggest PKC as an important signaling intermediate between EGFR and mTOR and as a therapeutic target in malignant glioma. led to their arrest at G 1 , whereas comparable treatment of PTEN mt lines had little effect (Fig. 1A) . The amount of p-Akt in EGF-treated cells showed a dose-dependent decrease in all cell lines, although this decrease was attenuated in PTEN mt lines compared with PTEN wt lines (Fig. 1B) . The abundance of p-mTOR and its target p-rpS6 correlated with blockade of proliferation in response to 5 mM erlotinib, consistent with the antiproliferative activity of mTOR inhibitors in glioma (Fig. 1, B and C) (6) (7) (8) . Thus, p-mTOR and p-rpS6 were robust biomarkers of G 1 arrest in response to erlotinib, whereas the ability of erlotinib to inhibit Akt phosphorylation in PTEN mt lines did not correlate with proliferation block.
This discordance between the ability of erlotinib to affect Akt phosphorylation and that of mTOR and rpS6 in PTEN mt glioma raised questions about Akt's role in signaling between EGFR and mTOR. fig. S1A ). Although erlotinib treatment led to decreased p-Akt in both cell lines, the abundance of p-rpS6 decreased progressively from 1 to 24 hours only in LN229:EGFR cells (in both low and high serum concentrations), again showing a lack of alignment between phosphorylation of Akt and of rpS6.
To further investigate the role of Akt as a signaling intermediate between EGFR and mTOR, we treated PTEN wt glioma cells with AktI-1/2, a selective inhibitor of Akt1 and 2 (9), and found that proliferation was minimally affected ( Fig. 2A and fig. S1B ). Phosphorylation of Akt and its targets glycogen synthase kinase 3b (Gsk3b) and FoxO3a was reduced in response to treatment with AktI-1/2. However, neither pharmacological inhibition nor small interfering RNA (siRNA)-mediated knockdown of Akt1 and Akt2 affected concentrations of p-S6K or p-rpS6 (Fig. 2, B to E). These data suggest either that an alternative isozyme of Akt mediates signaling between EGFR and mTOR in glioma (Akt3, for which there is no inhibitor) or that Akt is dispensable in coupling EGFR to mTOR.
To distinguish between these possibilities, we combined inhibition or knockdown of Akt1, Akt2, and Akt3, analyzing the canonical Akt targets Gsk3b and tuberous sclerosis complex 2 (Tsc2) (10) and the mTOR target rpS6 (Fig. 2F) . Even with combinations of inhibitors and siRNAs that decreased total p-Akt with concomitant reduction in p-Gsk3b and p-Tsc2, we observed no decrease in p-rpS6. This lack of correlation was most marked in experiments combining AktI-1/2 with siRNA against Akt3, which markedly decreased total p-Akt, p-Gsk3b, and p-Tsc2, but failed to decrease p-rpS6 ( Fig. 2 and fig. S1C ).
We next showed that inhibition of mTOR led to decreased abundance of p-rpS6. LN229:EGFR cells were treated with the PI3Ka inhibitor PIK-90, AktI-1/2, the mTOR inhibitor rapamycin, or erlotinib. To avoid the off-target effects of PIK-90 against mTOR observed at doses of 10 mM (6), we used this compound at 1 mM. Phosphorylation of rpS6 was blocked by both rapamycin and erlotinib, and was unaffected by PIK-90 or AktI-1/2 (Fig. 2G ). This result was extended to U373:MG and U87:MG cells, both of which showed a decrease in p-rpS6 in response to rapamycin (fig. S1, D and E).
To assess whether activation of Akt could drive proliferation, we transduced LN229:EGFR cells with a constitutively active myristoylated allele of Akt (Myr-Akt). In the presence of EGF, Myr-Akt elicited a modest increase in cell viability, and no increase in proliferation (Fig. 3, A and B) . These results do not preclude the possibility that Myr-Akt might phosphorylate rpS6 under serum-free conditions. In the presence of 10% FBS, however, erlotinib treatment of Myr-Akt cells minimally affected the abundance of p-Akt, whereas it decreased p-rpS6 abundance. Further, the ability of erlotinib to block both viability and proliferation was unaffected by Myr-Akt (Fig. 3) . Data in Fig. 1 suggest that p-mTOR and p-rpS6 are robust biomarkers for the antiproliferative effects of EGFR inhibitors in glioma cells, whereas data in Figs. 2 and 3 indicate that Akt is dispensable for these effects. To identify intermediates critical to signaling between EGFR and mTOR, we treated PTEN wt and PTEN mt glioma cells with erlotinib and analyzed the phosphorylation status of EGFR and that of various proteins that signal downstream of EGFR. The abundances of p-EGFR and p-PLC-g were affected similarly by erlotinib regardless of PTEN status, whereas the abundance of p-PKC isozymes was affected differentially (Fig. 4) .
The abundance of p-rpS6 was unaffected by treatment with the MAPK kinase (MEK) inhibitor PD98059, excluding a role for MAPK in signaling between EGFR and mTOR (Fig. 4A ). These data are consistent with results in Fig. 1B and indicate that erlotinib concentrations sufficient to block MAPK signaling do not decrease the abundance of p-rpS6 in PTEN mt glioma U373:EGFR cells. In contrast, erlotinib treatment of PTEN wt LN229:EGFR cells inhibited phosphorylation of Erk and rpS6. Thus, erlotinib can block Erk phosphorylation in a PTEN-independent manner, whereas its inhibition of rpS6 phosphorylation is PTEN dependent. We thus conclude that EGFR signaling to mTOR is independent of MAPK signaling.
Baseline abundance of total p-PKC was higher in PTEN mt lines compared with that in PTEN wt (Fig. 4B ). In addition, immunoblotting of PTEN mt lines, in contrast to PTEN wt lines, with an antibody that recognized the phosphorylated forms of seven PKC isoforms revealed constitutive expression of a broad band, likely a doublet, although we were unable to cleanly resolve two separate bands. EGF treatment led to the appearance in PTEN wt cells of a more slowly migrating p-PKC isozyme that was blocked by erlotinib (Fig. 4B) . A faint upper band was seen in LN229:EGFR cells in 10% serum. This band was diminished or absent in LN229 parental cells and in primary cultures wild type or amplified for EGFR and wild type for PTEN ( fig. S2, A to C) . We hypothesized that the shifted PKC isozyme is a candidate p-PKC isozyme that links EGFR signaling to mTOR activation in glioma. To show that differences in PKC phosphorylation between PTEN wt and PTEN mt cells depended on PTEN, we generated an isogenic set of cell lines that differed only in Pten activity ( fig.  S3B ). Although treatment of PTEN wt cells with the Pten inhibitor bisperoxovanadium (bpv) (11) had no effect on abundance or mobility of any PKC isoform, bpv attenuated the ability of erlotinib to block this shifted PKC isoform and abrogated the decrease in p-rpS6 produced by erlotinib (Fig. 4C) .
We hypothesized that the shifted form of PKC induced by EGF was a key intermediate linking EGFR to mTOR and that this PKC isoform signals downstream of PTEN. The induction of PKC isozymes by phorbol esters represents one of the earliest observations linking PKC to malignant progression in cancer (12) . Glioma cells treated with the phorbol ester phorbol 12-myristate 13-acetate (PMA) showed a supershifted PKC isoform ( Fig. 4D and fig. S3B ), with PMA increasing the abundance of p-rpS6 in low serum (Fig. 4D) . PMA alone had no effect on proliferation in PTEN wt cells (Fig. 4E) . Erlotinib alone decreased the abundance of p-rpS6. PMA attenuated both the erlotinib-mediated decrease in p-rpS6 and the antiproliferative activity of erlotinib in PTEN wt glioma cells (Fig. 4E) .
To assess signaling between EGFR, PKC, and mTOR in the absence and presence of EGFR activation, we analyzed LN229 parental cells, GBM43 (cells cultured from a primary glioma xenograft wild type for both PTEN and EGFR) and GBM12 (cells cultured from a primary glioma xenograft wild type for PTEN and amplified for EGFR) (13) . In all cases, EGF induced a slowly migrating p-PKCa band that was abrogated in response to erlotinib ( fig. S2 , A to C). Erlotinib treatment also blocked induction of p-rpS6 by EGF. From these data, we conclude that the pathway linking EGFR to mTOR through PKC is active in glioma regardless of EGFR amplification.
To identify specific PKC isozymes that mediate signaling between EGFR and mTOR, we immunoblotted lysates from PTEN wt cells, analyzing candidate isozymes supershifted by both PMA and EGF and supershifted by EGF blocked in response to erlotinib. Supershifted p-PKCd and p-PKCa met all three criteria (Fig. 5A) . PKCd was excluded by showing that siRNA directed against PKCd blocked appearance of only the rapidly migrating p-PKC isoform and not the relevant more slowly migrating form ( fig. S4A ). Although siRNA directed against PKCa decreased the abundance of total PKCa, it did not affect the amount of p-PKCa ( fig.  S4A ). Using cycloheximide pulse-chase analysis, we showed that p-PKCa had a half-life of >24 hours ( fig. S4B ), precluding the use of siRNA to ablate this isoform. We therefore used short hairpin RNA (shRNA) to stably knock down p-PKCa, showing abrogation of the supershifted PKC isozyme in response to both EGF and PMA (Fig. 5B) . Consistent with a role for PKCa in linking EGFR signaling to mTOR in glioma, we showed that phosphorylation of the PKCa substrate MARCKS (myristoylated alaninerich C-kinase substrate) correlated with activation of p-PKCa (Fig. 5, A and B) and that overexpression of PKCa led to increased abundance of p-PKCa without affecting the ability of erlotinib to decrease the abundance of p-rpS6 ( fig. S4C) .
To confirm the role of PKCa as a signaling intermediate between EGFR and mTOR, we transfected PTEN wt cells with a dominant-active construct, PKCa-Cat (14) . Decreased phosphorylation of rpS6 by erlotinib was attenuated by expression of PKCa-Cat at abundance below that of endogenous p-PKCa, consistent with a role for PKCa as an intermediate between EGFR and mTOR ( Fig. 5C and fig. S2D ). PKCa-Cat also abrogated the antiproliferative activity of erlotinib in PTEN wt cells (Fig. 5D ). Data in Figs. 1 to 5 indicate that Akt is dispensable for signaling between EGFR and mTOR in glioma cells and instead point to PKCs as critical intermediates linking EGFR signaling to mTOR activation. To validate the relevance to primary astrocytoma, we analyzed primary human glioblastoma specimens obtained by surgical resection before therapy. The abundance of EGFR in these specimens correlated with that of p-rpS6, total p-PKC, and p-PKCa, but showed little correlation with the abundance of p-Akt (Fig. 6 and fig. S5 ).
Although the efficacy of erlotinib in patients is dependent on EGFR and PTEN status, we reasoned that inhibition of PKC should be effective even in EGFR diploid, PTEN mt glioma, supporting a role for inhibition of PKC as a general therapeutic strategy in glioma. Consistent with this hypothesis, glioma cells treated with the pan-PKC inhibitor bis-indolyl maleimide I (BIM I) (15, 16)) showed decreased viability regardless of EGFR or PTEN status (Fig. 7B and fig. S6 ). Whereas erlotinib affected the abundance of p-rpS6 only in PTEN wt cells (Fig. 1, B and C (Fig. 7 , A and C). BIM I treatment induced arrest at G 1 in PTEN wt and at G 2 in PTEN mt cells, suggesting that the effect of this compound was achieved through inhibition of PKC, rather than through nonspecific toxicity ( fig. S6 ).
DISCUSSION
To explore the failure of EGFR inhibitors to block proliferation in PTEN mt glioma cells, we looked for signaling intermediates whose activation correlated with the efficacy of EGFR blockade against proliferation in tumor-derived cell lines. These data confirmed that phosphorylation of mTOR and its downstream targets S6K and rpS6 were robust biomarkers for the ability of EGFR inhibitors to block proliferation of glioma cells. The ability of EGFR inhibitors to block Akt phosphorylation, however, correlated poorly with response to therapy. Using both gain-and lossof-function approaches, we showed that Akt activity did not correlate with activation of mTOR or with proliferation. Rather, we identified PKC as critical to signaling between EGFR and mTOR in two PTEN wt glioma cell , and blocked the antiproliferative activity of erlotinib (E). EGF (50 ng/ml) was added 15 min and PMA (100 nM) was added 30 min before harvest for immunoblot. PMA (100 nM) was added 24 hours before harvest for flow cytometry analysis. Collectively, these observations suggest that PKC signals downstream of EGFR and that activation of PKC thus blocks both the biochemical activity of erlotinib against mTOR and the antiproliferative activity of this inhibitor.
lines. We also present data from primary tumor specimens that the abundances of EGFR, p-PKC, and p-rpS6 were strongly aligned, but correlated poorly with the abundance of p-Akt. Finally, we show that pharmacological inhibition of PKC blocked proliferation even in PTEN mt glioma, where inhibition of EGFR had no effect. Although the BIM I inhibitor used was not specific for PKCa, this agent effectively blocked the PKCa substrate p-MARCKS. In addition, BIM I induced arrest at G 1 in PTEN wt cells and at G 2 in PTEN mt cells (fig. S6) . If the antiproliferative effects of this compound were nonspecific, then cell cycle arrest induced by BIM I should not vary as a function of PTEN status.
What are the implications of these observations? Amplification of EGFR has a well-known association with advanced glioblastoma multiforme tumors. This observation, combined with the poor outcome in this disease, set high expectations for the potential therapeutic efficacy of EGFR inhibitors in glioma. That EGFR inhibitors are of limited use clinically results both from the failure of these drugs to block PI3K signaling in PTEN mt tumors and from activation of multiple RTKs in glioma (17) , making it unlikely that blockade of any single RTK would result in a durable clinical response.
The problem presented by frequent PTEN mutation combined with activation of multiple RTKs collectively argues for blockade of downstream signaling pathways into which these signaling inputs converge. The prominence of Akt as a signaling intermediate downstream of EGFR has generated enthusiasm for the clinical development of small-molecule inhibitors of Akt. We were therefore surprised to find that inhibition of Akt activation could be achieved in PTEN mt glioma with dosages of erlotinib that failed to affect proliferation. We showed further that neither blockade nor activation of Akt affected proliferation or response to erlotinib in glioma. Collectively, our results suggest that EGFR blockade decreases mTOR activation in an Akt-independent manner. These data do not necessarily argue against Akt blockade as a therapeutic strategy in glioma, although we saw little effect of pharmacological inhibition of Akt or siRNA directed against Akt on the proliferation of glioma cells. Akt signals to effector molecules in addition to mTOR, leaving open the possibility that Akt blockade could affect tumor biology independently of its apparent inability to affect mTOR or to achieve proliferation arrest in vitro.
Although this work introduces a previously underrecognized signaling pathway linking EGFR to mTOR in glioma cells, a number of important questions remain. How does EGFR signal to PKC? PDK1 (phosphoinositidedependent protein kinase-1) is an attractive candidate in this regard, because PDK1 phosphorylates both Akt and PKCa in a PI3K-dependent manner (18, 19) . Once activated, does PKC signal to mTOR through the Tsc complex? Combined inhibition and knockdown of Akt 1 to 3 failed to block mTOR activation despite inhibiting Tsc2 (Fig. 2) , arguing against Tsc2 as a critical intermediate. Does mTOR complex 2 (mTORC2) contribute to this pathway? PKCa is a substrate for mTORC2 (20, 21) , raising the possibility that mTORC2 is involved in a pathway including EGFR, PKC, and mTOR complex 1 (mTORC1).
The development of allosteric inhibitors of mTOR such as rapamycin has led to their clinical application in glioma, with early results suggesting some therapeutic efficacy (22, 23) . The presence of a loop linking activation of mTOR to blockade of PI3K and Akt, however (24) (25) (26) , raises the question of whether inhibition of mTOR could lead to the activation of other Akt targets, potentially abrogating to some degree the efficacy of these agents (23) . Dual inhibitors of PI3K and mTOR may block mTOR activation without activating PI3K and Akt (6) , and such agents are now entering clinical trials (27) . Although PKC inhibitors may offer one approach to mTOR blockade independent of that achievable by rapamycin, our studies suggest an additional rationale for the use of PKC inhibitors as an alternative to mTOR inhibitors in malignant glioma. Data in Fig. 7A suggest that PKC inhibitors block mTOR signaling, though less consistently activating Akt. The mechanistic details underlying the apparent ability of mTOR inhibitors to act more potently than PKC inhibitors in activating PI3K and Akt remain uncertain and are the study of ongoing experiments.
Our studies confirm the importance of mTOR blockade as a biomarker of therapeutic efficacy in glioma and thus support the importance of mTOR signaling in the malignant gliomas. In the cell lines tested, we identified PKCa as a key intermediate linking EGFR signaling to mTOR in a pathway independent of canonical Akt signaling. Although signaling from EGFR to mTOR likely involves other proteins besides PKC, our experiments support PKC as a therapeutic target in glioma and argue that inhibitors of PKC, in contrast to inhibitors of EGFR, may show therapeutic efficacy even in PTEN mt tumors.
MATERIALS AND METHODS
Cell lines, reagents, proliferation, and flow cytometry
Cell lines LN229, SF763, U373, and U87 cells transduced or not with EGFR (28), GBM12, and GBM43 (15) were grown in 10% FBS unless otherwise specified. Primary tumors were obtained with consent through University of California, San Francisco's (UCSF's) Brain Tumor Research Center and Committee on Human Research. Erlotinib tablets (Genentech) were pulverized and dissolved in HCl, and the aqueous phase was extracted with ethyl acetate. Combined organic extracts were dried over sodium sulfate and concentrated. EGF was from Roche; PMA, cycloheximide, and PD098059 were from Sigma; and Akt inhibitor VIII and BIM I were from EMD Biosciences. PIK-90 was synthesized as described (6) . Cells (10 5 ) were seeded in 12-well plates in the absence or presence of 2 mM BIM I for 3 days. Viability, determined by WST-1 assay (Roche), and flow cytometry were as previously described (6) .
Immunoblotting
Membranes were blotted with antibodies directed against p-Akt (Ser ), Erk (Santa Cruz Biotechnology). Cycloheximide pulse-chase analysis was as described (29) . Bound antibodies were detected with horseradish peroxidase-linked antibodies against mouse or rabbit immunoglobulin G (Amersham), followed by ECL (Amersham).
Constructs, siRNA, shRNA, transfections, and transductions A constitutively active form of PKCa (PKCa-Cat), a gift from J.-W. Soh, was generated by deleting the regulatory N-terminal domain of PKCa (14, 30) . pHACE-PKCa-Cat plasmid and pcDNA3 empty vector control were transfected transiently into LN229:EGFR cells with Effectene (Qiagen). Akt siRNA Akt3-1 was purchased from Santa Cruz Biotechnology. Control siRNA and siRNA against Akt1, Akt2, Akt3-2, PKCa, and PKCd were purchased (Dharmacon), and transfected with Lipofectamine 2000 (Invitrogen). Lentiviral PKCa (TRCN0000001693) and scramble shRNAs were purchased (Sigma) and infected as previously described (8) .
SUPPLEMENTARY MATERIALS
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